1. Introduction {#sec1}
===============

*Blastocystis* is one of the most common intestinal parasites that infect humans and animals worldwide ([@bib15]). Generally, *Blastocystis* is commonly transmitted through cyst-contaminated water and food via the fecal-oral route, which is the primary mode of transmission ([@bib31]). The pathogenicity of *Blastocystis* is not yet clear, there are studies associating it with symptoms of a variety of gastrointestinal disorders such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) ([@bib5]; [@bib10]; [@bib8]). However, the few microbiome studies revealed that *Blastocystis* is a common commensal in the human gut and it can increase the diversity of gut microbiota ([@bib4]).

In addition to humans, this parasite is frequently found in a wide range of animal hosts, including non-human primates, and other mammals such as artiodactyls, perissodactyls, proboscideans, rodents, and marsupials as well as birds, reptiles, amphibians, fish, annelids, and insects ([@bib29]).

Currently, based on sequence analysis of the small subunit ribosomal RNA gene of *Blastocystis*, at least 26 subtypes have been identified in humans and animals worldwide ([@bib14]; [@bib12]; [@bib21]). Subtypes 1--9 and ST12 have been found in humans ([@bib34]; [@bib20]); some of which have also been observed in animals, such as ST3 in non-human primates, ST5 in cattle and pigs, ST7 in birds, and ST8 in non-human primates and birds, indicating zoonotic potential ([@bib6]; [@bib17]). Conversely, some subtypes such as ST10 and ST14 predominantly circulate in specific animal hosts and have never appeared in human infections ([@bib27]), suggesting host specificity.

In China, giant pandas (*Ailuropoda melanoleuca*) and red pandas (*Ailurus fulgens*) are classified as Category I and II protected species, respectively. Many factors have led to the endangered status of these animals, such as habitat destruction, low reproductive rates, accidental mortality, and infections from pathogens; the latter of which is considered to be the most serious threat. Since the first reported descriptions of *Blastocystis* infection in two chronic diarrhea cases of children in Guangdong province \[12\], an increasing number of cases have been reported in humans and various animals belonging to the orders Artiodactyla, Carnivora, Galliformes, Primates, Columbiformes, Anseriformes, Gruiformes, Rodentia, and Lagomorpha ([@bib33]; [@bib29]). However, no information is currently available regarding the genetic characteristics and subtype distribution of *Blastocystis* in giant pandas, red pandas, and various bird species in southwestern China. The objective of the present study was thus to determine the prevalence and subtype distribution of *Blastocystis* in these animals as well as to assess its zoonotic potential.

2. Materials and methods {#sec2}
========================

2.1. Ethics statement {#sec2.1}
---------------------

This study complied with the guidelines of the Regulations for the Administration of Affairs Concerning Experimental Animals and was approved by the Animal Ethical Committee of Sichuan Agricultural University. No animals were harmed during the sampling process. Permission was obtained from the China Giant Panda Protection and Research Center for the collection of fecal specimens. All the procedures were conducted in accordance with the approved guidelines.

2.2. Sample collection {#sec2.2}
----------------------

Between August 2017 and October 2018, a total of 168 fecal samples from 81 giant pandas, 23 red pandas, 38 black swans (*Cygnus atratus*), 11 ruddy shelducks (*Tadorna ferruginea*), and 15 green peafowl (*Pavo muticus*) were collected from the Chengdu Research Base of Giant Panda Breeding in Sichuan province, southwestern China. Both types of pandas reside in open enclosures at this facility. Panda fecal samples were collected with sterile gloves from the ground immediately after defecation. Samples were then transferred to sterile plastic containers marked with the age, gender, and sampling date. All the black swans and ruddy shelducks were raised in a small recreational park within the panda facility, and the green peafowls were free-ranging. Fecal samples were collected from bird cages with care to collect only the portion that did not have direct contact with the cage to avoid contamination. Samples were placed into sterile plastic containers labelled with the species of bird and sampling time. All fecal samples were stored in 2.5% potassium dichromate solution at 4 °C prior to analysis. All study animals were examined and appeared to be in good health, and no diarrhea was observed.

2.3. DNA extraction {#sec2.3}
-------------------

Potassium dichromate was removed from the fecal specimens with distilled water by centrifugation at 1500 × g for 10 min. Genomic DNA was extracted from ∼200 mg of each fecal sample using a QIAamp DNA Stool Mini Kit (QIAgen, Hilden, Germany). Extracted DNA was stored at −20 °C until PCR analysis.

2.4. PCR amplification {#sec2.4}
----------------------

All DNA preparations were screened for the presence of *Blastocystis* by PCR amplification of the barcode region (a fragment of ∼600 bp) of the SSU rRNA gene, and the primers and cycling parameters were used as previously described by [@bib22]. PCR-positive DNA preparations were further analyzed to determine the subtypes of *Blastocystis* isolates by sequence analysis of the barcode region according to terminology for *Blastocystis* subtypes - a consensus ([@bib28]). TaKaRa Taq DNA polymerase (TaKaRa Bio Inc., Tokyo, Japan) was used for all of the PCR reactions. A negative control with no DNA added was included in all of the PCR tests. PCR products were subjected to electrophoresis in a 1.5% agarose gel and visualized by staining the gel with ethidium bromide.

2.5. Nucleotide sequencing and analysis {#sec2.5}
---------------------------------------

All positive PCR products were directly sequenced on an ABI PRISMTM 3730 DNA Analyzer (Applied Biosystems, USA), using a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster, CA, USA). Nucleotide sequences obtained in the present study were subjected to BLAST searches (<http://www.ncbi.nlm.nih.gov/blast/>) and then aligned and analyzed with each other. Reference sequences were downloaded from the GenBank database using the program Clustal X 2.0 (<http://www.clustal.org/>) to determine the subtypes of *Blastocystis* isolates. The nucleotide sequences generated in present study have been deposited in GenBank under accession numbers MK742731--M K742737.

2.6. Phylogenetic analysis {#sec2.6}
--------------------------

A neighbor-joining tree was constructed to assess the genetic relationships among the *Blastocystis* subtypes obtained in the present study and those identified in previous studies, using the software Mega 6 (<http://www.megasoftware.net/>). Evolutionary distances were calculated using the Kimura two-parameter model. The reliability of the trees was assessed by bootstrap analysis with 1000 replicates.

2.7. Data analysis {#sec2.7}
------------------

Statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). A chi-square test and 95% confidence intervals were used to compare the prevalence of *Blastocystis* between age groups, gender groups, and different species. Differences were considered statistically significant when P-values \< 0.05.

3. Results {#sec3}
==========

3.1. Prevalence of *Blastocystis* {#sec3.1}
---------------------------------

PCR amplification of the barcode region of the SSU rRNA gene revealed that a total of 19 (11.3%) of the 168 samples had confirmed *Blastocystis* infections. The highest prevalence was observed in ruddy shelduck (18.2%, 2/11), followed by giant pandas (12.3%, 10/81). The prevalence of *Blastocystis* in black swans, red pandas, and green peafowl were 10.5%, 8.7%, and 6.7%, respectively ([Table 1](#tbl1){ref-type="table"}). There were no significant associations between prevalence and the different species (χ2 = 1.107, *df* = 4, P \> 0.05). The prevalence of *Blastocystis* in giant pandas of different ages and genders is presented in [Table 2](#tbl2){ref-type="table"}; with the highest prevalence being observed in ages \>5 years (14.8%, 8/54), followed by 8.7% (2/23) for ages 1.5--5.5 years, and 0% in ages \< 1.5 years, however, the difference was not significant (χ2 = 1.654, *df* = 2, P \> 0.05). Similarly, the difference was not significant between male (16.4%, 10/61) and female (16.9%, 14/83) giant pandas (χ2 = 0.014, *df* = 1, P \> 0.05).Table 1Prevalence and subtype distribution of *Blastocystis* in giant pandas, red pandas, and birds.Table 1Hosts (Scientific name)No. of examinedNo. of positivePrevalence (%)95% CISubtypes (n)*Mammals*Giant panda (*Ailuropoda melanoleuca*)811012.35.1--19.5ST1 (10)Red pandas (*Ailurus fulgens*)2328.7−2.8--20.2ST1 (2)Subtotal1041211.55.3--17.7ST1 (12)*Birds*Black Swan (*Cygnus atratus*)38410.50.7--20.3ST8 (4)Ruddy Shelduck (*Tadorna ferruginea*)11218.2−4.6--40.9ST8 (2)Green peafowl (*Pavo muticus*)1516.7−5.9--19.3ST8 (1)Subtotal64710.93.3--18.6ST8 (7)Total1681911.36.5--16.1ST1 (12), ST8 (7)Table 2Prevalence and subtype distribution of *Blastocystis* in giant pandas by age and gender.Table 2FactorsNo. of examinedNo. of positive (%)95% CISubtypes (n)Age (years)\<1.5401.5--5.5232 (8.7)−2.8--20.2ST1 (2)\>5548 (14.8)5.3--24.3ST1 (8)GenderMale314 (12.9)1.1--24.7ST1 (4)Female506 (12.0)3.0--21.0ST1 (6)

3.2. Subtype distributions in giant pandas, red pandas, and various birds {#sec3.2}
-------------------------------------------------------------------------

Among the 19 *Blastocystis* isolates, two subtypes, ST1 and ST8, were identified as a result of sequence analysis of the barcode region of the SSU rRNA gene. ST1 was the predominant subtype (63.2%, 12/19) and was only found in giant and red pandas. ST8 was exclusively identified in black swans, ruddy shelducks, and green peafowl ([Table 1](#tbl1){ref-type="table"}).

3.3. Genetic characteristics of *Blastocystis* subtypes {#sec3.3}
-------------------------------------------------------

A total of 7 representative sequences were obtained from 19 *Blastocystis* isolates in the present study. Among them, ST1 (n = 7) and ST8 (n = 7) have been described previously: ST1 was identical to that of *Blastocystis* in non-human primates found in the Philippines (KY929112), and ST8 showed 100% similarity to that of *Blastocystis* reported in a human in Spain (MG807921). The remaining 5 novel ST1 sequences matched 17 single nucleotide polymorphisms (SNPs) for KY929112. The genetic diversity in the barcode region of the SSU rRNA gene from the five ST1 novel isolates is presented in [Table 3](#tbl3){ref-type="table"}.Table 3Nucleotide variations in the barcode region of the SSU rRNA gene of *Blastocystis* ST1 isolates.Table 3Accession no.Nucleotide position[a](#tbl3fna){ref-type="table-fn"}165310444470525KY929112AGGTGMK742731AGGTGMK742733**GAACT**MK742734A**AACT**MK742735AG**AC**GMK742736**G**G**AC**GMK742737AG**ACT**[^2][^3]

3.4. Phylogenetic analysis {#sec3.4}
--------------------------

The sequences identified in this study were aligned to known sequence databases in GenBank, which revealed two known and five new partial SSU rRNA sequences. All five novel sequences were grouped with known isolates belonging to subtype ST1 during phylogenetic analysis using the neighbor-joining method ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Phylogenetic relationships among nucleotide sequences of *Blastocystis* partial small subunit ribosomal RNA (SSU rRNA) genes (see Additional file 1: [Table S1](#appsec1){ref-type="sec"}). The neighbor-joining method was used to construct the trees by the Kimura-2-parameter model. The number on the branches are percent bootstrapping values from 1000 replicates, with values of more than 50% shown in the tree. Each sequence is identified by its accession number, subtypes, host origin, and country. *Blastocystis* subtypes identified in the present study are indicated in bold-type.Fig. 1

4. Discussion {#sec4}
=============

To the best of our knowledge, the present study is the first report to provide information on *Blastocystis* in giant pandas, red pandas, and various bird species within Sichuan province, southwestern China. The prevalence of *Blastocystis* varies in mammals and birds, ranging from 0.3 to 100% ([Table 4](#tbl4){ref-type="table"}). In the present study, the prevalence of *Blastocystis* ranged from 6.7% to 18.2%, which is similar to that in recent studies on reindeer (6.7%), pigs (8.8%), cattle (9.5%), domestic chicken (13.0%), red crowned crane (14.0%) in China ([@bib29]; [@bib12]).Table 4Subtypes and prevalence of *Blastocystis* detected in various animals in the China.Table 4HostsNo. of ExaminedNo. of positivePrevalence (%)Subtypes (n)References*Mammals*Pig56041974.8%ST5 (397), ST1 (15), ST3 (6), ST10 (1)[@bib24]Pig1616100%ST5 (16)[@bib30]Pig6868.8%ST5 (6)[@bib29]Cattle147149.5%ST10 (10), ST3 (2), ST14 (2)[@bib29]Dairy cattle5265410.3%ST10 (41), ST14 (10), ST4 (2), ST5 (1)[@bib24]Sheep10965.5%ST10 (3), ST1 (1), ST5 (1), ST14 (1)[@bib29]Sheep832506.0%ST10 (25), ST14 (10), ST5 (8), Novel 1 (3), Novel 2 (1), Novel 3 (1), Novel 4 (2)[@bib12]Goat78120.3%ST1 (2)[@bib12]Reindeer10476.7%ST13 (4), ST10 (3)[@bib29]Sika deer821214.6%ST10 (10), ST14 (2)[@bib29]Racoon dog4037.5%ST3 (3)[@bib29]Domestic dog13642.9%ST1 (3), ST4 (1)[@bib29]Arctic fox21341.9%ST1 (2), ST4 (1), ST7 (1)[@bib29]Brown rat10843.7%ST4 (4)[@bib29]New Zealand white rabbit21573.2%ST4 (7)[@bib29]Cynomolgus macaques978587.6%ST1 (4), ST2 (14), ST7 (2), ST2+ST1 (14), ST2+ST3 (5), ST2+ST7 (5), ST3+ST1 (3), ST5+ST2 (1), ST7+ST1 (7), ST7+ST3 (1), ST1+ST2+ST3 (10), ST1+ST2+ST7 (5), ST2+ST3+ST7 (3), ST1+ST3+ST7 (1), ST1+ST2+ST3+ST7 (10)[@bib33]*Birds*Domestic chicken46613.0%ST6 (3), ST7 (3)[@bib29]Pigeon4712.1%ST6 (1)[@bib29]Red crowned crane[43](cran:43){#intref0030}[6](cran:6){#intref0035}[14](cran:14){#intref0040}.0%[ST6](cran:ST6){#intref0045} ([4](cran:4){#intref0050}), [ST7](cran:ST7){#intref0055} ([2](cran:2){#intref0060})[@bib29]Ostrich9333.3%ST5 (1), ST10 (1), ST20 (1)[@bib35]

However, the prevalence of *Blastocystis* identified in this study was much lower compared with those in other studies conducted on pigs (74.8% and 100%), and cynomolgus macaques (87.6%) in China ([@bib33]; [@bib30]; [@bib24], [@bib25]). The differences in the prevalence of *Blastocystis* may result from variations of animal ages, sample sizes, immune status of the animals.

In the present study, ST1 (63.2%, 12/19) was more prevalent than ST8 (36.8%, 7/19), and was exclusively reported in mammals. Previous studies have demonstrated the presence of ST1 in cancer patients with diarrhea in China ([@bib34]), humans with GI symptoms in Thailand ([@bib23]), and humans with irritable bowel syndrome in Iran ([@bib11]). Moreover, ST1 has been identified in goats, sheep, domestic dogs, arctic foxes, and cynomolgus macaques from China ([@bib24], [@bib25]; [@bib33]; [@bib29]). ST1 was found in both human and mammalian hosts, indicating that this subtype has the potential for zoonotic transmission. However, due to the unavailability of data regarding the subtyping of human-derived *Blastocystis* isolates from China and investigated areas, the actual pollution/contamination sources and transmission routes of mammals with *Blastocystis* infection were not elucidated in the present study.

Currently, a total of nine subtypes (ST1, ST2, ST4-8, ST10 and ST20) have been identified in birds ([@bib6]; [@bib35]; [@bib32]) ([Table 5](#tbl5){ref-type="table"}). Although ST6 and ST7 are the most common subtypes in birds, we only identified ST8 in the present study, which is consistent with previous report in pheasants ([@bib2]). In addition to birds, ST8 has been identified in humans in Colombia ([@bib19]), symptomatic patients in Italy ([@bib7]), and Brazil ([@bib3]), as well as in stored water reserves in the Peninsular Malaysia ([@bib18]). Furthermore, ST8 has been reported more commonly in primate handlers, suggesting a zoonotic spread from primates to their handlers ([@bib26]). However, due to people who have close contact with birds for occupational or recreational reasons in this province have not reported cases of this ST, more intensive research should be performed to clarify the potential zoonotic transmission routes and other sources of *Blastocystis* in the investigated area.Table 5Subtypes and prevalence of *Blastocystis* detected from birds in the world.Table 5HostNumber of samplesSubtypes (n)ReferencesChicken5ST1 (2), ST2 (1), ST4 (1), ST5 (1)[@bib32]6ST6 (3), ST7 (3)[@bib29]Pigeon1ST6 (1)[@bib29]Red crowned crane6ST6 (4), ST7 (2)[@bib29]Ostrich3ST5 (1), ST10 (1), ST20 (1)[@bib35]Peasant5ST4 (3), unknown (2)[@bib32]4ST6 (1), ST8 (1), unknown (2)[@bib2]Quail9ST2 (5), ST4 (4)[@bib32]Ostrich3ST5 (1), ST10 (1), ST20\*[@bib35]Turkey1ST7 (1)[@bib9]Partridge1ST7 (1)[@bib2]Guineafowl1ST6 (1)[@bib2]*Passer domesticus*17ST6 (17)[@bib19]*Thraupis episcopus*6ST6 (6)[@bib19]*Oryzoborus maximiliani*8ST6 (8)[@bib19]*Sicalis flaveola*5ST6 (5)[@bib19]*Petrochelidon pyrrhonota*11ST6 (11)[@bib19]

5. Conclusions {#sec5}
==============

The present study is the first report on the prevalence, subtype distribution, and genetic characteristics of *Blastocystis* in giant pandas, red pandas, and bird species in southwestern China. Phylogenetic relationship analysis revealed five novel nucleotide sequences of *Blastocystis* isolated from the studied animals. The overall minimum prevalence of *Blastocystis* was 11.3%, and two potentially zoonotic subtypes (ST1 and ST8) were identified. As visitors and keepers frequently come in contact with the animals and birds in the investigated area, proper advice should be given to these susceptible human populations to reduce zoonotic transmission at this panda breeding facility. Furthermore, future studies should aim to identify high-resolution molecular markers to better understand the dynamics of *Blastocystis* transmission.
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